Allicin selectively enhances the fungicidal activity of amphotericin B (AmB). It also accelerates AmB-induced vacuole disruption but does not affect AmB-induced potassium ion efflux in Saccharomyces cerevisiae and Candida albicans. The fungicidal activity of AmB alone or combined with allicin was further evaluated based on the relationship among cell viability, vacuole disruption and potassium ion efflux in S. cerevisiae. Lethality and vacuole disruption caused by AmB alone were completely restricted when K + and Mg 2+ were added to the growth medium. On the other hand, in identical conditions, the combination of AmB and allicin induced both lethality and vacuole disruption. S. cerevisiae Derg6 cells, which lack ergosterol in plasma membrane, were mostly resistant to AmB as well as the combination of AmB and allicin against both lethality and vacuole disruption. The incorporation of AmB into the cytoplasm of Derg6 cells was significantly reduced in comparison with that in parent cells, regardless of the presence of allicin. Our results suggest that the fungicidal activity of AmB combined with allicin is involved in vacuole disruption but not in potassium ion efflux, and that the expression of allicin-mediated activity of AmB requires the presence of ergosterol in the plasma membrane.
INTRODUCTION
Amphotericin B (AmB), a typical polyene macrolide antifungal antibiotic, is widely used for the treatment of many systemic mycoses. Its mechanism of action is generally accepted as follows. AmB binds to ergosterol in fungal plasma membranes, alters the permeability of plasma membrane (for example, by forming pores that leak potassium ions, resulting in loss of intracellular K + ) and then causes the death of fungal cells. 1,2 Supply of K + and Mg 2+ from the external environment protects the AmB-treated cells from death, 3 indicating the direct involvement of intracellular K + in cell viability. On the other hand, AmB-induced loss of intracellular K + results in various secondary effects, including ATP depletion and subsequent inhibition of protein synthesis. Therefore, loss of intracellular K + might accelerate cell death. 4 In addition, AmB induced oxidative stress accompanying cell death in the pathogenic fungus Candida albicans. 5 Moreover, AmB was able to permeate through the plasma membrane and then to invade the fungal cytoplasm. Cytoplasmic AmB might fragment the vacuole membrane, thereby disrupting vacuoles. 6 Thus, the exact fungicidal mechanism of AmB has not yet been fully understood; therefore AmB-induced lethality cannot be simply explained only by the disturbance in biophysical functions in the plasma membrane. 7, 8 Allicin, an allyl-sulfur compound from garlic, exerts various biological effects such as antimicrobial and anticancer activities. 9, 10 We have recently reported that allicin selectively enhances the fungicidal activity of AmB. In addition, allicin accelerated AmB-induced vacuole disruption but did not affect AmB-induced leakage of intracellular K + in Saccharomyces cerevisiae and C. albicans. 6,11 Allicin alone did not induce the loss of intracellular K + nor the disruption of vacuole membrane. 6, 11 Furthermore, we found that allicin enhanced AmBinduced vacuole disruption by inhibiting ergosterol trafficking from the plasma membrane to the vacuole membrane. 12 The constant ergosterol transport to the vacuole membrane may protect yeast cells from AmB-induced vacuole disruption. 12 The vacuole-targeting fungicidal activity, which depends on the structure of the macrocyclic ring, might elucidate at least in part the primary mechanism of the lethal action of AmB. 13 However, the transport mechanism of AmB into the cytoplasm is unclear, as well as the relationship between vacuole disruption and AmB-induced alteration of membrane permeability. In this study, we examined the relationship among cell viability, vacuole disruption and potassium ion efflux in cells treated with AmB in the presence or absence of allicin. Moreover, we discuss the significance of ergosterol content in plasma membrane on the vacuole-targeting activity of AmB to clarify the primary mechanism underlying AmB lethality.
MATERIALS AND METHODS

Measurement of yeast cell viability
S. cerevisiae W303-1A wild-type strain (provided by Dr T Nakamura, Osaka City University, Japan) and its ERG6 gene deletion mutants (National BioResource Project, Japan) were used in the following experiments to examine the effects of AmB and allicin on the properties of cells, including viability. Cells were grown overnight in YPD medium containing 1% yeast extract (Difco Laboratories, Detroit, MI, USA), 2% Bacto-peptone (Difco Laboratories) and 2% glucose at 30 1C with vigorous shaking. After washing with distilled water, the cells were immediately diluted with distilled water to a density of 1Â10 6 cells per ml. The cells were then incubated in the presence or absence of each compound with vigorous shaking at 30 1C. Viable cell count was determined by counting the number of colony-forming units after 48 h of incubation at 30 1C in YPD medium containing 1.8% (w/v) agar.
Leakage of potassium ions
Cells were harvested by centrifugation, washed with 50 mM Tris-HCl buffer (pH 7.4), and suspended in the same buffer to obtain a density of 1Â10 8 cells per ml. The cell suspensions were then shaken with 5 mM AmB in the presence or absence of 120 mM allicin at 30 1C for 60 min. The supernatants obtained after cell removal by centrifugation were assayed for K + content using a K + assay kit (HACH, Floriffoux, Belgium) based on the tetraphenylborate method. 14 
Vacuole staining
Vacuoles were visualized by staining with the fluorescent probe FM4-64 as follows. 15 Cells from the overnight culture in YPD medium were suspended in a freshly prepared medium to obtain a density of 1Â10 7 cells per ml. After incubation with 5 mM FM4-64 at 30 1C for 30 min, the cells were collected by centrifugation, washed twice and then suspended in distilled water at a final density of 1Â10 7 cells per ml. The cells were incubated in the absence or presence of each compound with vigorous shaking at 30 1C for 60 min, and then observed under a phase-contrast microscope and a fluorescence microscope with excitation at 520-550 nm and emission at 580 nm.
Measurement of AmB content by HPLC
Cells from the overnight culture in YPD medium were collected by centrifugation, washed twice with phosphate-buffered saline (PBS) and then suspended in PBS to obtain a final density of 1Â10 8 cells per ml. The cell suspension was incubated with 20 mM AmB in the absence or presence of 120 mM allicin at 30 1C for 60 min. The supernatant obtained after the removal of cells by centrifugation was used as the supernatant fraction. The cell pellets were washed twice with PBS and then suspended in PBS at a density of 1Â10 8 cells per ml. After the addition of yeast lytic enzyme at a final concentration of 6 mg ml À1 and 0.5% 2-mercaptoethanol, the cells were incubated with gentle agitation at 30 1C for 60 min or longer to ensure complete cell lysis. The supernatant obtained after centrifugation (5000 g) of the cell lysate at 4 1C for 10 min was used as the cytoplasmic fraction. The pellets were washed twice with PBS. The final precipitate obtained was decomposed by repeated vortexing with a mixture of water/methanol/chloroform (30:20:50, v/v) at room temperature. The upper water-soluble layer was used as the plasma membrane fraction including phospholipids. 6 The fractions obtained above were assayed for AmB content using HPLC with a reverse-phase column (4.6Â250 mm, COSMOSIL 5C 18 -MS-II, Nacalai Tesque, Kyoto, Japan). The chromatographic solvents were eluted at room temperature with a mobile phase consisting of a mixture of 0.1 M sodium acetate (pH 4.0)/acetonitrile (60:40, v/v) at a flow rate of 1.0 ml min À1 . AmB was detected at 405 nm. 16 
Chemicals
AmB was purchased from Sigma Aldrich (St Louis, MO, USA). Allicin was obtained from LKT Laboratories (St Paul, MN, USA). Yeast lytic enzyme and FM4-64 were from ICN Biomedicals (Aurora, OH, USA) and Molecular Probes (Eugene, OR, USA), respectively. The other chemicals used were of analytical reagent grade and purity.
RESULTS AND DISCUSSION
Fungicidal activity of AmB and allicin
The addition of K + into the medium preserves intracellular K + content in AmB-treated cells of S. cerevisiae, 3 whereas the addition of Mg 2+ maintains membrane integrity and cell metabolism. 17, 18 Therefore, coaddition of both K + and Mg 2+ markedly restricts both the growthinhibitory and lethal effects of AmB. 3 On the other hand, Derg6 cells cannot convert zymosterol to fecosterol in the ergosterol biosynthetic pathway, leading to a reduction of ergosterol content in the plasma membrane and thereby increasing the resistance to polyene antibiotics such as AmB. 19 We first examined whether allicin could enhance the (Figure 1a) . The parent cells were resistant to 5 mM AmB in distilled water supplemented with K + and Mg 2+ (Figure 1b) . This supported the previous report 17 that the addition of both K + and Mg 2+ could decrease the lethal effect of AmB. In contrast, the combination of 5 mM AmB and 120 mM allicin showed fungicidal activity in the presence of K + and Mg 2+ (Figure 1b) . Namely, AmB expressed fungicidal activity in combination with allicin even when the intracellular concentration of K + was maintained at normal levels in K + -enriched medium. On the other hand, Derg6 cells were resistant to AmB combined with allicin in addition to AmB alone ( Figure 1c) . These results suggest that the allicin-mediated fungicidal activity of AmB probably depends on the ergosterol content in plasma membrane, as well as the case of the activity of AmB alone, but not on the loss of intracellular K + due to dysfunction of the plasma membrane.
Potassium ion efflux induced by AmB and allicin
Ion-permeability change by AmB in fungal cells occurs because of the pores formed by ergosterol directly bound to AmB in the plasma membrane. 20 In Derg6 cells, the reduced content of ergosterol decreases the number of target molecules for AmB. 19 As shown in Figure 2a , the rate of K + release caused by AmB in parent cells was similar in conditions with or without allicin, indicating the ionpermeability change induced by AmB. Allicin does not seem to have a role in this K + efflux. Contrary to the results obtained with parent cells, Derg6 cells did not exhibit such a damage as the ion-permeability change caused by AmB, even if allicin was added simultaneously with AmB ( Figure 2b ). The fungicidal activity of AmB combined with allicin was expressed under conditions with or without K + on parent cells (see Figure 1b) . These results indicate that cell death induced by the combination of AmB and allicin was unrelated to the ion-permeability change caused by AmB.
Enhancement effects of allicin on vacuole disruption
We further examined whether allicin could amplify the vacuoledisruptive activity of AmB when the intracellular K + concentration was maintained by external addition of K + and Mg 2+ in parent cells and Derg6 cells. In these experiments, conditions with K + and Mg 2+ were applied only to parent cells because K + did not leak in Derg6 cells treated with AmB (see Figure 2b ). AmB disrupted vacuoles in the absence of K + and Mg 2+ (Figure 3a) , and eventually caused cell death. The coexistence of K + and Mg 2+ maintained the normal morphology of vacuoles in parent cells treated with AmB alone (Figure 3b ). Cells remained viable in this treatment (see Figure 1b) . These suggested that the maintenance of intracellular K + concentrations might restrict the cell death, which was induced by both the plasma membrane permeability change and the vacuole disruption caused by AmB alone. On the other hand, the combination of AmB and allicin disrupted vacuoles as well as the case of AmB alone in the absence of K + and Mg 2+ , followed by cell death, under conditions with or without K + and Mg 2+ (Figures 3a and b) . These results indicated that the inhibition of ergosterol trafficking from plasma membrane to vacuoles caused by allicin was able to overcome the vacuole stabilization provided by adding K + and Mg 2+ . On the other hand, vacuoles of Derg6 cells were not disrupted by both AmB alone and the combination of AmB and allicin (Figure 3c ). Although lethality induced by 
Role of vacuole disruption in fungal lethality A Ogita et al
AmB is known to depend on the leakage of intracellular K + , lethality in yeast cells seems to be related with vacuole disruption. Moreover, the existence of ergosterol in the plasma membrane is needed for vacuole disruption induced by AmB with or without allicin.
Cellular uptake of AmB
In our recent study using cells of C. albicans, we added AmB to the cell suspension to determine cellular uptake of AmB. AmB was mostly absent in the supernatant of the cell suspension after incubation for 60 min. However, in the plasma membrane fractions, AmB was detected at a ratio of more than 80% of the initial quantity at 0 min. 6 Further, the remaining AmB was quantitatively found in the cytoplasmic fraction. These results suggest that AmB permeates through the plasma membrane and invade the cytoplasm. In this study, we determined the subcellular uptake of AmB in parent and Derg6 cells in the presence or absence of K + and Mg 2+ . In this experiment, the concentrations of AmB were increased up to 20 mM with increasing cell density up to 1Â10 8 cells per ml, owing to the sensitivity of HPLC analysis, which required the volume of AmB above a certain level. In agreement with our previous results, 6 the major proportion of AmB was detected in the plasma membrane fraction of parent cells treated with AmB, regardless of K + and Mg 2+ supplementation ( Figure 4 , A and C). The addition of allicin did not affect the subcellular uptake of AmB in parent cells (Figure 4 , B and D). On the other hand, in Derg6 cells, the major proportion of AmB markedly remained in the supernatant; that is, the contents of AmB in the fractions of both plasma membrane and cytoplasm in Derg6 cells were significantly reduced in comparison with those in parent cells (Po0.05), regardless of the presence of allicin ( Figure 4 , E and F). AmB could directly disrupt the isolated vacuoles of S. cerevisiae and C. albicans. 6, 12, 13 Thus, taken together, these results suggest that the incorporation of AmB into the cytoplasm is at least needed for direct vacuole disruption and is restricted by the reduction of ergosterol in the plasma membrane; however, it is not affected by the presence of allicin or the intracellular levels of K + . Our findings suggest that vacuole disruption correlates with cell death but not with changes in intracellular concentrations of K + . Vacuole disruption induced by the combination of AmB and allicin at least depended on the presence of ergosterol in the plasma membrane for the initial interaction with AmB. Our previous reports showed that allicin might enhance the fungicidal activity of AmB by inhibiting ergosterol trafficking from plasma membrane to vacuoles. 12 Vacuole disruption induced by the combination of AmB and allicin may require both the reduction of ergosterol in the vacuole membrane and the presence of ergosterol in the plasma membrane. Moreover, these results might indicate that AmB, as a vacuole-targeting antibiotic, cannot directly penetrate the plasma membrane but can be transported into the cytoplasm via interaction with ergosterol in the plasma membrane. 
